Abstract
Introduction

42
Human health is intimately entwined with the commensal microorganisms that constitutionally 43 colonize our barrier surfaces, such as the intestinal tract. The human gut microbiome is host to a 44 complex interkingdom ecology of bacteria, fungi, archaea, protozoa and viruses. While recent 45 research has led to a drastic expansion in our understanding of bacterial communities in the gut 1-4 ,
46
little is known about the role of fungal organisms, collectively the mycobiome, particularly in relation to 47 their impact on the population dynamics of early-life colonization.
49
The tightly choreographed maturation of commensal microbial communities is crucial to mammalian 
58
it is necessary to determine if the human primordial gut hosts fungal communities, if these 73 mycobiome during early-life, the timing of initial fungal colonization remains undescribed.
75
To characterize the interkingdom ecologies of the fetal microbiome and understand when fungal 76 colonization first occurs, we performed a molecular and culture-based survey of first-pass meconium
77
collected from an observational cohort of preterm and term-born human newborns. In this study, we 
83
suggest that the human fetus is naturally exposed an increasing variety of microbial DNA as gestation 84 progresses. However, the increased prevalence of fungal order Saccharomyces, especially the genus
85
Candida, in preterm infants may also suggest a pathologic association with preterm birth.
87
Results
89 90
Study design and cohort characteristics
92
To characterize the fungal ecology of the primordial human gut, we collected the first-pass meconium 93 from a cohort of very low birthweight preterm (<1500 g, gestational age 23-32 weeks, n = 54) and 94 term-born (gestational age 37-41 weeks, n = 36) newborns and characterized the microbial 95 4 communities using both culture-independent and culture-dependent techniques (Fig. 1 clinical data describing perinatal exposures (Fig. 1b) . In addition to lower gestational age, infants born 101 preterm were more likely than term-born infants to have a lower birthweight, a lower Apgar and higher
102
Critical Risk Index for Babies II (CRIB-II) scores, receive postnatal antibiotics and be delivered by 103 cesarean section (Table 1) .
104
Figure 1
105 106 107 108 
112
Sequence reads were subjected to exacting data processing to remove potential contaminants.
113
Clinical demographics were used to perform ecological modeling of microbial communities and 
124 125
Fungal community composition differs by gestational age
127
The bacterial community composition of the microbiome differs by gestational age at birth 13 . This may
128
be related to differences in initial meconium colonization 3 . To explore if fungal colonization of the 129 microbiome was influenced by gestational age, we performed a binary comparison of infants born at
130
<33 weeks' (n = 37) and infants > 33 weeks' gestation (n = 34). Meconium samples from preterm 131 infants were more likely to contain fungal DNA than samples from term-born infants using internal 132 transcribed spacer region 2 ribosomal DNA (ITS2 rDNA) amplicon sequencing at a read depth of 300x
133
(88 versus 65%,  2 p = 0.0224, Table 1 ). After aligning the amplicon reads against the UNITE 134 database 14 and performing data quality control using the QIIME bioinformatics pipeline (Fig. 1b) 
142
were both consistent with a clear differentiation in fungal community structure by advancing 143 gestational age (Fig. 3d) .
145
Network analysis supports the sparseness of fungal communities, particularly in preterm infants,
146
which is likely related to the low fungal diversity (Fig 2d) . However, as quantified by positive
147
Spearman's correlations, fungal networks do appear to develop complexity with increasing gestational 148 age.
150
The relative composition of the fungal communities varied with gestational age ( Fig. 2 and 3 
180
For all analyses n=71. Preterm samples are displayed in red and term-born samples in blue. 
203
term newborns (Supplemental Fig. 3i ).
205
In childhood, fungal colonization has been shown to be influenced by host sex 15 . We examined fungal 
223
Whether mode of delivery influences microbial colonization remains controversial 2,18 . To explore
224
influence of the delivery mode on fungal colonization we examined fungal community structure using 225 cesarean or vaginal delivery as a binary variable. Alpha diversity was not significantly altered by mode 226 of delivery, although cesarean born infants did demonstrate more variability (Supplemental Fig. 4a ).
227
Relative composition differences showed some variation by mode of delivery (Supplemental Fig. 4b )
228
Similar to preterm infants, samples from infants born via caesarean were predominantly colonized by 
235
4c), which is consistent with the formation of meconium prior to birth.
237
Increasing illness severity closely associates with decreasing gestational age and is therefore a
238
covariate and potential confounder in many diseases related to preterm birth 19 . To gauge a potential 239 confounding influence of illness severity, we examined fungal community composition in relation to a 240 critical score of 11 on the CRIB-II. No differences were appreciated in alpha diversity as quantified by 241 the Chao1 index (Supplemental Fig. 4j ). The relative abundance differences were also less markedly 242 altered than for other perinatal factors (Supplemental Fig. 4k ). The abundance of order
243
Saccharomycetales was unaltered at the class level, but the abundance of Polyporales was reduced
244
(15.5% with score <11 and 6.9% with a score 11) and the relative abundance of Capnodiales and
245
Dothideales increased with elevated CRIB-II score (6.0% <11 and 13.5%, 11; and 1.6% <11 and 
267
For all analyses n = 71.
269 270
Fungi form complex interkingdom communities
272
We examined how fungi formed interkingdom microbial communities by the characterizing the 273 resulting community composition from the combined 16s and ITS sequencing results (n =71). For 274 most infants, fungal communities were a minor component their interkingdom microbiome, but a few 275 preterm infants had microbiomes that were dominated by fungi ( Fig. 5 and Supplemental Fig. 1 ). This 276 may emphasize the importance of pioneer species to the ecological succession of the primordial gut.
277
In general, the interkingdom microbiome increased in complexity with increasing gestational age at 278 birth. While rarefaction analysis favored more microbial richness in term samples (Fig. 5a ), alpha 
284
Stereum. The most prominent differences in abundance at the phylum level were in Blasidiomycota,
285
Bacteroidetes and Actinobacteria, all of which were more abundant in term born infants.
286
Acidobacteria, in contrast, were more prevalent in preterm infants (Supplemental Fig. 1b 
300
To characterize the influence of perinatal factors on interkingdom community structure, we used
301
PCoA and RDA to capture the impact of host sex, prenatal antibiotic exposure, mode of delivery and 302 illness severity. Similar to fungal community structure, the interkingdom structure was not significantly 303 altered by these common perinatal exposures as assessed by both constrained and unconstrained
304
analyses (Supplemental Fig. 2 ). 
322
For all analyses (n=71). Preterm samples are displayed in red and term-born samples in blue.
324 14
Key interkingdom community members predict gestational age of the host 325 326 327
To explore the distribution of microbial taxa with respect to gestational age at birth, we developed a 328 machine learning model to predict the gestational age of a newborn based on the interkingdom 329 composition of the microbiome. We developed our first machine learning model using only microbial 
344
Supplemental Fig. 6c] . We then performed a variable importance analysis on the random forest model 345 and selected the top 10 variables to build a rarified random forest model using 5-fold cross validation.
346
After 100 permutations, the average performance of the sensitivity analysis of the rarified random 347 forest models had an AUC 0.867 (95% CI 0.861-0.871). Overall, the strongest predictors from these 348 key taxa ran counter to the general trend and were more abundant in preterm than in term-born 349 infants (Undefined genera within family Rikenellaceae, and the bacterial genera Parabacteroides and 
364
<0.01) between use of prenatal steroids (none, 1 or 2 doses) and the abundance of 7 of these key 365 taxa (Supplemental Fig. 7a ).
367
To quantify the performance of higher-order microbial taxa, we developed models exploring the 368 strength of different phylogenic levels to function as predictors of prematurity. We designed our 369 modeling approach in six levels to capture the influence of using increasingly more granular taxa 
439
suggest that the intrauterine transfer of fungal DNA may be widespread across mammals. Impaired
440
host-sensing of fungi may alter both intrauterine deposition and post-natal colonization.
442
Discussion
444 445
Here we present the first description of the primordial fungal ecology of the neonatal gut using both 
450
The structure of these communities was unaffected by perinatal factors, such as mode of delivery, samples with a bacterial depth of < 3,000, we used a depth of 300 for further analysis).
604
Representative bacterial sequences were aligned via PyNAST, taxonomy assigned using the RDP 
607
Unweighted UniFrac analysis was used to quantify beta diversity (intra-sample) 49 , and the differences
608
were compared using PERMANOVA with 999 permutations. For fungi, sequences were aligned, and 609 taxonomy was assigned using the UNITE (dynamic setting) database 14 . Fungal OTUs were rarified at 610 a depth of 300 sequences for alpha diversity using Shannon or Chao1 and beta diversity using Bray-
611
Curtis dissimilarity or Jaccard abundance 50 indices. As with bacteria, beta diversity significance was 612 then assessed using PERMANOVA. In the first phase, we developed a support vector machine utilizing 34 bacterial and 9 fungal taxa 627 identified utilizing an unbiassed LASSO approach with 5-fold cross validation and generated a 628 confusion matrix to characterize the performance of the model as a predictor of gestational age
630
In the second phase, we developed a random forest-based classification model to distinguish 631 between preterm and term-born newborns using maternal age, maternal body mass index, newborn 
645
We also compared the performance of the random forest classifier we generated using this method to 646 other classifiers including logistic regression, discriminant analysis, k-nearest neighborhood, decision 647 trees, support vector machines and neural networks using AUC statistics. Finally, we calculated 648 commonly used classification accuracy statistics such as specificity, sensitivity, and positive predictive 649 value for the final random forest model to characterize the ability of the model to distinguish between 650 preterm and term-born babies.
